A modular multilevel converter with an integrated battery energy storage system (MMC-BESS) has been proposed for high-voltage applications for large-scale renewable energy resources. As capacitor voltage balance is key to the normal operation of the system, the conventional control strategy for the MMC can be significantly simplified by controlling the individual capacitor voltage through a battery side converter in the MMC-BESS. However, the control strategy of the MMC-BESS under rectifier mode operation has not yet been addressed, where the conventional control strategy cannot be directly employed due to the additional power flow of batteries. For this defect, the rectifier mode operation of the MMC-BESS based on a battery side capacitor voltage control was analyzed in this paper, proposing a control strategy for this application scenario according to the equivalent circuit of MMC-BESS, avoiding passive impact on the state-of-charge (SOC) equalization of batteries. Furthermore, the implementation of a battery side converter control is proposed by simplifying the capacitor voltage filter scheme within phase arm, which enhances its performance and facilitates the realization of control strategy. Finally, simulation and experimental results validate the feasibility and effectiveness of the proposed control strategy.
Introduction
In recent years, the grid-connected applications of large-scale renewable energy resources have gradually become a trend, presenting new challenges to the power electronics converters applied in high-voltage and high-power fields [1] . Multilevel topologies can reduce the requirement of voltage rate of switching devices, achieving higher voltage levels [2] . Among existing multilevel topologies, a modular multilevel converter (MMC) is considered the most promising topology and has been extensively studied in the past decade [3] [4] [5] . Modular multilevel converters share the common advantages of multilevel converters, such as low harmonic content of output voltage and small voltage stress of switching devices. Compared with the cascaded H-bridge (CHB) topology with the modular structure, the MMC topology has only half of the arm current at the same power rate. There also exists a common DC-link in the MMC topology which is unavailable in CHB topology [6] . Based on this consideration, MMCs can be utilized as AC/DC interlinking converters in medium-and high-voltage renewable energy generation systems, e.g., offshore wind farm generation systems [7] and microgrids [8] , as shown in Figure 1 .
In addition to the inherent advantages provided by BESS for the power system, the integration scheme of batteries through DC/DC interfaces provided and additional degree of freedom (DOF) to the system control strategy. As the capacitor voltage balancing control was significant to conventional MMCs, the cascaded control structure for balancing the capacitor voltage in the phase-, arm-and individual SM-level is reported in Reference [13] , which was consequently employed in the MMC-BESS in Reference [14] . Nevertheless, with the additional DOF provided by batteries in the MMC-BESS, the capacitor voltage balancing control can be significantly simplified through battery side control, which makes individual SM capacitor behave as a voltage source to the MMC, avoiding the cascaded control structure and relatively complicated capacitor voltage balancing algorithms introduced in Reference [4] . It is worth noting that the premise of the battery side capacitor voltage control was that each SM must contain a battery module, otherwise the capacitor voltage would be incontrollable.
Based on the battery side capacitor voltage control, some studies have been reported. In Reference [11] , the control strategy of a MMC-BESS operating as an inverter was researched, proposing the three-level SOC equalization control structure. In Reference [15] , the SOC equalization Due to the characteristics of randomness and intermittency of renewable energy resources, the normal operation and power quality of the power system would be remarkably affected, reducing the voltage and frequency stability. To attenuate the passive impact caused by renewable energy resources, a battery energy storage system (BESS) is a reasonable and efficient solution for grid-connected renewable energy generation systems, as shown in Figure 1a ,b. Recently, to simplify the configuration of BESS in the scenarios of MMC-based applications, the MMC with integrated BESS is proposed by combining the MMC and BESS together [9] . The extra power conversion system (PCS) of BESS can be saved by this combination. In this paper, this topology is abbreviated as the MMC-BESS. The integration was implemented by inserting battery cells into each submodule (SM) of MMC directly or through a DC/DC interface [10, 11] . Due to this distributed integration mode of BESS, the state-of-charge (SOC) equalization of each battery was facilitated, improving the effective utilization rate of BESS compared with the centralized scheme at the DC-link of MMC [12] .
In addition to the inherent advantages provided by BESS for the power system, the integration scheme of batteries through DC/DC interfaces provided and additional degree of freedom (DOF) to the system control strategy. As the capacitor voltage balancing control was significant to conventional MMCs, the cascaded control structure for balancing the capacitor voltage in the phase-, arm-and individual SM-level is reported in Reference [13] , which was consequently employed in the MMC-BESS in Reference [14] . Nevertheless, with the additional DOF provided by batteries in the MMC-BESS, the capacitor voltage balancing control can be significantly simplified through battery side control, which makes individual SM capacitor behave as a voltage source to the MMC, avoiding the cascaded control structure and relatively complicated capacitor voltage balancing algorithms introduced in Reference [4] . It is worth noting that the premise of the battery side capacitor voltage control was that each SM must contain a battery module, otherwise the capacitor voltage would be incontrollable. Based on the battery side capacitor voltage control, some studies have been reported. In Reference [11] , the control strategy of a MMC-BESS operating as an inverter was researched, proposing the three-level SOC equalization control structure. In Reference [15] , the SOC equalization of MMC-BESS considering the capacity inconsistency of batteries was proposed. In References [10, 16] , the MMC-BESS was applied in battery electric vehicles and the efficiency of this topology was assessed. Furthermore, the control strategy of MMC-BESS under AC and DC fault has been studies in Reference [17] , realizing SOC equalization under fault conditions. Nevertheless, the current research is not deep enough, as the existing control strategies merely focus on the inverter mode operation of MMC-BESS. Usually, in MMC-based multi-terminal DC transmission system (e.g., Figure 1a) , one of the MMCs must be responsible for DC-link voltage control while the other MMCs should be responsible for power control [18] . Similarly, in Figure 1b , the interlinking MMC should take the DC-link voltage as the control objective. Accordingly, the rectifier mode operation of MMC-BESS is required. However, the DC-link voltage control structure in conventional MMCs [18] cannot be directly employed in the MMC-BESS due to the additional power flow of BESS, which has not been investigated in detail in the current literature. As the battery side converter is employed to control the capacitor voltage, the SOC equalization must be achieved by MMC side control. Hence, the combination of SOC equalization and DC-link voltage control is mandatory in the MMC-BESS. Besides, as the capacitor voltage is controlled by battery side converter, the performance of the system would be greatly dependent on the battery side control strategy. As the individual capacitor voltage contains ripples at multiple frequencies while the battery current is expected to be pure DC component, the battery side control strategy should be investigated to ensure the performance both in a steady and dynamic state.
In this paper, based on battery side capacitor voltage control, the control strategy of rectifier mode operation was analyzed according to the equivalent circuit of the MMC-BESS. The DC-link voltage control was combined with the SOC equalization control, different from the control strategy applied in conventional MMCs. Furthermore, a simplified capacitor voltage filter scheme was proposed in this paper to facilitate the implementation of battery side control strategy.
The rest of this paper is organized as follows. Section 2 describes the basic configuration and the equivalent circuit of the MMC-BESS. Then the control strategy of rectifier mode operation of MMC-BESS is proposed in Section 3. To enhance the performance of battery side control strategy, a simplified capacitor voltage filter scheme is proposed in Section 4. Finally, the effectiveness and feasibility of the proposed control strategy of rectifier mode operation are validated by simulations and experimental results in Section 5.
Mathematic Model and Principles of MMC-BESS
The topology of three-phase MMC-BESS is shown in Figure 2 . Each phase leg is comprised of 2N SMs in series, where the midpoint connected to the AC side divides a phase leg into two phase arms. Here, N represents the number of SMs in series per phase arm. Throughout this paper, the subscript k = (a, b, c) refers to the individual phase; j = (p, n) refers to the upper and lower arms; i = (1, 2 . . . N) refers to the individual SM within phase arm. The DC-link voltage and grid phase-voltage are denoted as V dc and v gk , respectively. Each phase arm contains an arm inductor L s with losses denoted by R s (not shown in the figure). In general, the topology of the MMC-BESS is consistent with conventional MMCs. The main difference locates on the topology of SM. In addition to the half-bridge structure with the SM capacitor, BESS is integrated into each SM in different ways, which forms two types of SM as shown in Figure 2 . For SM type A, the battery is directly connected to the terminals of individual SM capacitors; for SM type B, the battery is connected to individual SM capacitors through a DC/DC interface, while L b is the inductor of this DC/DC converter. In the authors' view, SM type A compels the capacitor voltage to follow the battery voltage, inducing the power fluctuation caused by ripples in capacitor voltage into the battery which would impair the health or shorten the lifespan of an individual battery. On the contrary, the DC/DC interface in SM type B can decouple the battery side and MMC side through the SM capacitor, preventing the ripples from flowing into the battery through an appropriate control strategy, but it would comparatively degrade the power conversion efficiency due to the DC/DC interface. Nevertheless, the DC/DC interface provides a degree of freedom for the system control which SM type A does not, and the requirement of the terminal voltage of the battery module can be greatly lower than the rated capacitor voltage. Besides, it would not affect the original power conversion efficiency between AC and DC side of MMC itself. Hence, SM type B was employed in this paper. It should be noted that the topology of the DC/DC interface in SM type B was not restricted to a non-isolated buck-boost converter as shown in Figure 2 , which was adopted in this paper for the convenience and simplicity.
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where vsk is the voltage required to drive the AC output current igk, and vck is the voltage required to drive the difference current ick. The difference current ick is a circulating current flowing through upper and lower arms within one phase simultaneously, which would not affect the AC side.
The upper and lower arm currents were composed of a circulating current and a half of AC output current as [19] : 
The difference current can contain component at any frequency, but only DC and fundamental frequency components are necessary for power conversion in the MMC-BESS [14] . Thus, assuming:
where Idck denotes the DC component; I1k and φ1k are the amplitude and angle of fundamental component in phase k; ω is the fundamental angular frequency of AC side. By applying Kirchhoff's Voltage Laws(KVL) to Figure 2 , the output voltages of the upper and lower arms can be yielded as The MMC-BESS can be modelled identically to a conventional MMC as follows [19] :
where v sk is the voltage required to drive the AC output current i gk , and v ck is the voltage required to drive the difference current i ck . The difference current i ck is a circulating current flowing through upper and lower arms within one phase simultaneously, which would not affect the AC side.
The upper and lower arm currents were composed of a circulating current and a half of AC output current as [19] :
where I dck denotes the DC component; I 1k and ϕ 1k are the amplitude and angle of fundamental component in phase k; ω is the fundamental angular frequency of AC side. By applying Kirchhoff's Voltage Laws(KVL) to Figure 2 , the output voltages of the upper and lower arms can be yielded as
Due to the battery power existing in the system, the following relationship is satisfied throughout neglecting losses:
where P ac and P dc are total active powers of the AC and DC side, respectively, while P b_kji is the battery power of individual SM. Note that the power directions are all in accordance with Figure 2 in this paper.
To compensate or absorb power fluctuations of the AC or DC side of the MMC-BESS, the individual battery would discharge when P b_kji > 0, vice versa. Assuming the grid voltage and arm current of phase k in time domain are expressed as:
where I gk and ϕ k are amplitude and angle of grid current; V gk is the amplitude of the grid voltage. Substituting Equation (6) into the individual arm voltage (4), then multiplying it with the arm current (2) and taking battery powers into account, the total battery power of each arm over one fundamental period can be derived as
where
Here, P diffk is defined as the difference power between upper and lower arms of phase k. According to Equation (7), the power flows of the three-phase MMC-BESS can be shown as Figure 3 . It can be concluded that the DC circulating current is the carrier of DC power between the MMC-BESS and DC-link; the fundamental frequency circulating current transfers power between the upper and lower arms within one phase; the fundamental frequency grid current transfers active and reactive power between the MMC-BESS and the AC grid. Therefore, by regulating these components in corresponding currents, the power flows among batteries, DC-link, and AC grid can be controlled as the system requires.
If the individual capacitor voltage is controlled by MMC side, the cascaded capacitor voltage control strategy would be employed at the DC side [14] , and the individual battery power would be directly controlled by battery side converter, which makes it behave as a constant power load (CPL) to the corresponding SM. On the contrary, if the battery side converter is utilized to control the individual capacitor voltage, the capacitor would behave as a voltage source to the MMC side. Consequently, the cascaded capacitor voltage balancing controls in conventional MMCs can be avoided. Nevertheless, due to the existence of the additional power flow of BESS, when the DC-link voltage is required to be controlled by the MMC-BESS itself in rectifier mode operation, the original control strategy in conventional MMCs (outer-loop DC-link voltage control and inner-loop active grid current control [18] ) would be invalid because this manner would lead to the uncertainty of battery power, bringing instability to the system operation. In essence, the AC power and DC power are not strictly equal to each other in the MMC-BESS compared with conventional MMCs. The DC-link voltage is not only decided by the active grid current at AC side, but also the battery power each phase. Hence, to make the batter-side-based capacitor voltage control effective in the rectifier mode, the control strategy will be proposed in the following section. If the individual capacitor voltage is controlled by MMC side, the cascaded capacitor voltage control strategy would be employed at the DC side [14] , and the individual battery power would be directly controlled by battery side converter, which makes it behave as a constant power load (CPL) to the corresponding SM. On the contrary, if the battery side converter is utilized to control the individual capacitor voltage, the capacitor would behave as a voltage source to the MMC side. Consequently, the cascaded capacitor voltage balancing controls in conventional MMCs can be avoided. Nevertheless, due to the existence of the additional power flow of BESS, when the DC-link voltage is required to be controlled by the MMC-BESS itself in rectifier mode operation, the original control strategy in conventional MMCs (outer-loop DC-link voltage control and inner-loop active grid current control [18] ) would be invalid because this manner would lead to the uncertainty of battery power, bringing instability to the system operation. In essence, the AC power and DC power are not strictly equal to each other in the MMC-BESS compared with conventional MMCs. The DClink voltage is not only decided by the active grid current at AC side, but also the battery power each phase. Hence, to make the batter-side-based capacitor voltage control effective in the rectifier mode, the control strategy will be proposed in the following section.
Control Strategy of Rectifier Mode Operation of MMC-BESS

SOC Equalization of MMC-BESS
As an important function of a PCS, SOC equalization of batteries must be achieved during operation of the MMC-BESS. Based on the structure of the MMC-BESS, the SOC equalization is divided into three levels: among three phases, between upper and lower arms, and among SMs within one arm. The definition of SOC is expressed as
The SOC of individual battery can be established as
where Pb_kji is the individual battery power; Eb_kji is the nominal energy of individual battery given by the production of battery voltage and its capacity. According to Equation (10), the SOC of individual battery can be controlled through the direct regulation of corresponding battery power. Since Eb_kji 
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where P b_kji is the individual battery power; E b_kji is the nominal energy of individual battery given by the production of battery voltage and its capacity. According to Equation (10), the SOC of individual battery can be controlled through the direct regulation of corresponding battery power. Since E b_kji may be different in individual SM due to the age of battery, the SOC equalization should take the capacity of individual battery into consideration. According to the research in Reference [15] , battery capacity should be employed to produce the coefficient for corresponding SOC equalization control. For the sake of simplicity, it is assumed that all batteries are of the same capacity, which would not affect the following investigations in this paper. The required power adjustments are generated through closed-loop controls of average SOC in corresponding levels as shown in Figure 4 , where K ph , K arm , and K SM are the coefficients of SOC equalization controller each level. Since the battery side converters are employed to control the capacitor voltages, the SOC equalization must be achieved by MMC side control. Hence, the SOC equalizations are realized by adjusting the modulation waveforms at MMC side according to the power differences ∆P b_k , ∆P b_kj , and ∆P b_kji in Figure 4 . The required power adjustments are generated through closed-loop controls of average SOC in corresponding levels as shown in Figure 4 , where Kph, Karm, and KSM are the coefficients of SOC equalization controller each level. Since the battery side converters are employed to control the capacitor voltages, the SOC equalization must be achieved by MMC side control. Hence, the SOC equalizations are realized by adjusting the modulation waveforms at MMC side according to the power differences ΔPb_k, ΔPb_kj, and ΔPb_kji in Figure 4 . 
SOC Equalization among Three Phases
Seen from Figure 3 and Equation (7), the total battery power within one phase is composed by DC power and AC power, so the battery power can be regulated by these two components. Nevertheless, due to the power control requirement at AC side, the AC powers must be symmetric in three phases under a balanced AC grid. Hence, to equalize the SOCs among phases, DC power should be regulated at each phase.
When the MMC-BESS operates as an inverter, the DC-link voltage is fixed to the system and the DC side would be controlled as the current sources each phase independently [17] . However, when the MMC-BESS operates as a rectifier, this manner would be invalid because the DC-link must be controlled as a voltage source by the DC side control of MMC-BESS. With the individual capacitor voltage controlled by battery side converter, the DC side equivalent circuit of MMC-BESS can be present as Figure 5 . The capacitors behave as a controllable voltage source, then the DC-link voltage should be controlled by three-phase DC circulating current collectively. Therefore, the DC side control is proposed based on this DC side equivalent circuit in this paper as shown in Figure 6 . 
When the MMC-BESS operates as an inverter, the DC-link voltage is fixed to the system and the DC side would be controlled as the current sources each phase independently [17] . However, when the MMC-BESS operates as a rectifier, this manner would be invalid because the DC-link must be controlled as a voltage source by the DC side control of MMC-BESS. With the individual capacitor voltage controlled by battery side converter, the DC side equivalent circuit of MMC-BESS can be present as Figure 5 . The capacitors behave as a controllable voltage source, then the DC-link voltage should be controlled by three-phase DC circulating current collectively. Therefore, the DC side control is proposed based on this DC side equivalent circuit in this paper as shown in Figure 6 . In Figure 6 , the DC-link voltage is regulated by a proportional-integral (PI) controller. The coefficient Ksoc_k is employed to redistribute the DC power among the three phases according to the difference power in Figure 4a as:
when the SOCs of three phases have been equalized, Ksoc_k would be 1/3 consequently, which means DC power is equally divided by three phases. Through the proposed DC-link voltage control, the DC circulating current reference is generated by each phase.
SOC Equalization between Upper and Lower Arms
According to Equation (8), the fundamental frequency circulating current can transfer power between the upper and lower arms within one phase. With the difference power generated by SOC equalization controller in Figure 4b , the fundamental frequency circulating current reference can be obtained. Due to the demand of preventing fundamental frequency circulating current per phase from flowing into DC-link, the reactive components are injected into the other two phases as [11 
Since DC and fundamental frequency components are required to be controlled in the circulating current each phase, a proportional-integral-resonant (PIR) controller tuned at fundamental frequency and double line-frequency was employed to regulate components at different frequencies simultaneously, as shown in Figure 7 . In this paper, the reference of double line-frequency component 2 ref k
i was set as zero to reduce the power losses [13] . In Figure 6 , the DC-link voltage is regulated by a proportional-integral (PI) controller. The coefficient K soc_k is employed to redistribute the DC power among the three phases according to the difference power in Figure 4a as:
when the SOCs of three phases have been equalized, K soc_k would be 1/3 consequently, which means DC power is equally divided by three phases. Through the proposed DC-link voltage control, the DC circulating current reference is generated by each phase.
According to Equation (8), the fundamental frequency circulating current can transfer power between the upper and lower arms within one phase. With the difference power generated by SOC equalization controller in Figure 4b , the fundamental frequency circulating current reference can be obtained. Due to the demand of preventing fundamental frequency circulating current per phase from flowing into DC-link, the reactive components are injected into the other two phases as [11] :
Since DC and fundamental frequency components are required to be controlled in the circulating current each phase, a proportional-integral-resonant (PIR) controller tuned at fundamental frequency and double line-frequency was employed to regulate components at different frequencies simultaneously, as shown in Figure 7 . In this paper, the reference of double line-frequency component i re f 2k was set as zero to reduce the power losses [13] . 
SOC Equalization among SMs within Phase Arm
Since all SMs within the same phase arm share a common arm current, the individual SM power must be regulated by redistributing the terminal voltage without affecting the output voltage of the whole arm. Based on the former two SOC equalization controls, the total power of the phase arm can be generated as 
Since all SMs within the same phase arm share a common arm current, the individual SM power must be regulated by redistributing the terminal voltage without affecting the output voltage of the whole arm. Based on the former two SOC equalization controls, the total power of the phase arm can be generated as P re f b_k j
Consequently, the individual battery power reference was obtained through the SOC controller in Figure 4c as:
Defining the power ratio of individual SM according to the battery power as:
By multiplying m kji with the arm voltage reference v kj , the SM power can be regulated according to the SOC equalization control within phase arm. With the constraint as:
the output voltage of the whole arm would not be affected by the SOC equalization within phase arm.
Control Strategy of MMC-BESS Based on Battery Side Capacitor Voltage Control
According to the equivalent circuit in Figure 3 , the control strategy of the MMC-BESS mainly consists of three parts: DC side control, AC side control, and battery side control. With the capacitor voltage controlled by the battery side converter, each SM, DC, and AC side control of the MMC are simplified in this paper. As per the analysis in Section 2, when the MMC-BESS operates as a rectifier in multi-terminal MMC-based applications, the output of the DC-link voltage controller cannot be employed as the reference of the active current at the AC side. Hence, the DC-link voltage control was proposed by regulating the DC circulating current at each phase according to the SOC equalization among three phases, as per Figure 6 . On the other hand, the AC side should be controlled in a way in which the active and reactive powers are given directly according to the system's requirement [13] . By doing this, AC power is directly controlled by the reference, DC power is determined by external DC network, and battery power is controlled indirectly by capacitor voltage control.
The overall control strategy of the MMC-BESS based on battery side capacitor voltage control is shown in Figure 8 .
The SOC equalization of all three levels are implemented by the MMC side control according to the proposed control strategies in Section 3.1. The common modulation waveform of the individual phase arm is generated by AC and DC side controls of the MMC, then the modulation waveform of individual SMs is generated by the power redistribution ratio according to Equation (16) . Finally, carrier phase-shifted pulse-width modulation (CPS-PMW) is utilized to generate the pulse signal for MMC side-switching devices [20] . On the other hand, the implementation of battery side capacitor voltage control will be introduced in the next section. MMC The SOC equalization of all three levels are implemented by the MMC side control according to the proposed control strategies in Section 3.1. The common modulation waveform of the individual phase arm is generated by AC and DC side controls of the MMC, then the modulation waveform of individual SMs is generated by the power redistribution ratio according to Equation (16) . Finally, carrier phase-shifted pulse-width modulation (CPS-PMW) is utilized to generate the pulse signal for MMC side-switching devices [20] . On the other hand, the implementation of battery side capacitor voltage control will be introduced in the next section.
Implementation of Battery Side Control Strategy
The local circuit of the individual bidirectional DC/DC converter with control diagram is shown in Figure 9 , where the MMC side is taken as the load for the battery side represented as the current iM_kji. The midpoint voltage of the battery side half-bridge vT-kji is taken as the input of the bidirectional DC/DC converter. In Figure 9 , GVR and GCR are voltage and current regulators, respectively; The time delay caused by PWM is defined as Gd, which is treated as 1.5Tsb [21] . Here, Tsb is the switching period of the battery side DC/DC converter. Although some research on the control strategy of bidirectional DC/DC converters has been published [21, 22] , the application of MMC-BESS still has special issues which should be investigated. The control targets are the individual capacitor voltage vc_kji with a stable DC component and the battery current ib_kji without a low-frequency AC component. However, the voltage ripples (mainly at fundamental and double-line frequency) caused by operation of the MMC side would bring negative influence to the DC/DC converter control. To eliminate these ripples, the filter block GF is employed as shown in Figure 9 , but the type of GF should be discussed. Since moving average filter 
The local circuit of the individual bidirectional DC/DC converter with control diagram is shown in Figure 9 , where the MMC side is taken as the load for the battery side represented as the current i M_kji . The midpoint voltage of the battery side half-bridge v T-kji is taken as the input of the bidirectional DC/DC converter. In Figure 9 , G VR and G CR are voltage and current regulators, respectively; The time delay caused by PWM is defined as G d , which is treated as 1.5T sb [21] . Here, T sb is the switching period of the battery side DC/DC converter.
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[ Fig. 7 ] The SOC equalization of all three levels are implemented by the MMC side control according to the proposed control strategies in Section 3.1. The common modulation waveform of the individual phase arm is generated by AC and DC side controls of the MMC, then the modulation waveform of individual SMs is generated by the power redistribution ratio according to Equation (16) . Finally, carrier phase-shifted pulse-width modulation (CPS-PMW) is utilized to generate the pulse signal for MMC side-switching devices [20] . On the other hand, the implementation of battery side capacitor voltage control will be introduced in the next section.
The local circuit of the individual bidirectional DC/DC converter with control diagram is shown in Figure 9 , where the MMC side is taken as the load for the battery side represented as the current iM_kji. The midpoint voltage of the battery side half-bridge vT-kji is taken as the input of the bidirectional DC/DC converter. In Figure 9 , GVR and GCR are voltage and current regulators, respectively; The time delay caused by PWM is defined as Gd, which is treated as 1.5Tsb [21] . Here, Tsb is the switching period of the battery side DC/DC converter. Although some research on the control strategy of bidirectional DC/DC converters has been published [21, 22] , the application of MMC-BESS still has special issues which should be investigated. The control targets are the individual capacitor voltage vc_kji with a stable DC component and the battery current ib_kji without a low-frequency AC component. However, the voltage ripples (mainly at fundamental and double-line frequency) caused by operation of the MMC side would bring negative influence to the DC/DC converter control. To eliminate these ripples, the filter block GF is employed as shown in Figure 9 , but the type of GF should be discussed. Since moving average filter Although some research on the control strategy of bidirectional DC/DC converters has been published [21, 22] , the application of MMC-BESS still has special issues which should be investigated. The control targets are the individual capacitor voltage v c_kji with a stable DC component and the battery current i b_kji without a low-frequency AC component. However, the voltage ripples (mainly at fundamental and double-line frequency) caused by operation of the MMC side would bring negative influence to the DC/DC converter control. To eliminate these ripples, the filter block G F is employed as shown in Figure 9 , but the type of G F should be discussed. Since moving average filter (MAF) can attenuate components in specific frequencies [23] , it is especially suitable for filtering harmonics in capacitor voltage of MMC-BESS. The transfer function of MAF in discrete domain is
where N F is the number of sampling data stored in the digital processor. However, since the switching frequency of an individual DC/DC converter is usually well above the fundamental frequency at the MMC side, it will lead to the requirement of a large amount of data storage space in the DC/DC converter control. For example, for a sampling frequency (equal to the switching frequency of DC/DC converter) f sb = 10 kHz and fundamental frequency of MMC side f = 50 Hz, N F is given by f sb /f = 200. With the increment of the number of SMs in the series per phase arm, the data storage space required by the MAFs would consequently become large-scale. To avoid the defect of large-scale data storage space in this application, a common MAF scheme shared by all SMs per arm is proposed in this paper. The MMC side current i M_kji in Figure 9 can be expressed as: 
Then the individual capacitor voltage can be derived as: Substituting Equations (19) and (21) into (20), the average ripples of individual capacitors are derived as: Seen from Equations (20) and (22), the battery side current i B_kji affects the DC component in capacitor voltage, while the individual capacitor voltage ripples are mainly decided by the common arm current flowing through all SMs per phase arm. It can be proved by the simulation waveforms in Figure 10 , the individual battery power differentiated from each other up to ±40%, and the corresponding capacitor voltage ripples were almost identical due to the common arm current. Based on the analysis above, an improved control strategy of a battery side DC/DC converter with the data storage space reduction of MAF is proposed in Figure 11 . In this scheme, a common MAF was employed to extract the average capacitor voltage ripples of all SMs per phase arm, then the individual capacitor voltage ripples were counteracted by the average capacitor voltage ripples. Through the common MAF, the occupied data storage space can be reduced to 1/N compared with the original scheme implemented in each SM. Based on the analysis above, an improved control strategy of a battery side DC/DC converter with the data storage space reduction of MAF is proposed in Figure 11 . In this scheme, a common MAF was employed to extract the average capacitor voltage ripples of all SMs per phase arm, then the individual capacitor voltage ripples were counteracted by the average capacitor voltage ripples. Through the common MAF, the occupied data storage space can be reduced to 1/N compared with the original scheme implemented in each SM.
(a) (b) Based on the analysis above, an improved control strategy of a battery side DC/DC converter with the data storage space reduction of MAF is proposed in Figure 11 . In this scheme, a common MAF was employed to extract the average capacitor voltage ripples of all SMs per phase arm, then the individual capacitor voltage ripples were counteracted by the average capacitor voltage ripples. Through the common MAF, the occupied data storage space can be reduced to 1/N compared with the original scheme implemented in each SM. On the other hand, since the capacitor voltage was controlled by the individual DC/DC converter, the dynamic response was expected to be fast enough for MMC side power conversion. However, due to the existence of the MAF, the bandwidth of the voltage control loop cannot exceed the cut-off frequency of the MAF, which is unacceptable in application. Seen from Figure 9 , the reference of the capacitor voltage was constant during normal operation of the MMC-BESS, hence, the disturbance from the MMC side iM_kji is the exclusive factor that causes the fluctuation of the DC capacitor voltage. To eliminate the load disturbance, the load current feedforward can be implemented. However, the On the other hand, since the capacitor voltage was controlled by the individual DC/DC converter, the dynamic response was expected to be fast enough for MMC side power conversion. However, due to the existence of the MAF, the bandwidth of the voltage control loop cannot exceed the cut-off frequency of the MAF, which is unacceptable in application. Seen from Figure 9 , the reference of the capacitor voltage was constant during normal operation of the MMC-BESS, hence, the disturbance from the MMC side i M_kji is the exclusive factor that causes the fluctuation of the DC capacitor voltage. To eliminate the load disturbance, the load current feedforward can be implemented. However, the measurement of MMC side load in individual SM would greatly increase the cost of the system, and i M_kji is a current in pulse form which is different from ordinary bidirectional DC/DC converter. Therefore, the load disturbance was mitigated by estimated battery current in this paper as:
This estimated feedforward component was calculated based on the instantaneous power relationship in Equation (5) Finally, the improved control strategy in Figure 11 can be simplified as Figure 12 through the block diagram transformation. D kji is the ratio of capacitor voltage and individual battery voltage. The MAF block in Figure 11 is equivalent to the configuration in individual feedback loop in Figure 12 . With this simplified control diagram, the design of controllers of capacitor voltage and battery current is convenient to be implemented using the control system theory.
This estimated feedforward component was calculated based on the instantaneous power relationship in Equation (5), where the AC and DC powers were derived from measured values instead of the reference values, representing the dynamics of power flows in real time. Then the feedforward component was redistributed into each SM according to the SOC of individual battery. Consequently, the dynamic performance of the individual capacitor voltage control can be significantly improved.
Finally, the improved control strategy in Figure 11 can be simplified as Figure 12 through the block diagram transformation. Dkji is the ratio of capacitor voltage and individual battery voltage. The MAF block in Figure 11 is equivalent to the configuration in individual feedback loop in Figure 12 . With this simplified control diagram, the design of controllers of capacitor voltage and battery current is convenient to be implemented using the control system theory. 
Simulations and Experimental Results
Simulation Results
The simulation model of the three-phase MMC-BESS is built in MATLAB/Simulink (R2016b, Mathworks, Natick, MA, USA). The main parameters are listed in Table 1 . To verify the SOC equalization proposed in this paper, the capacity of individual battery is set as 0.3 Ah, so the SOCs can be equalized rapidly. 
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Simulation Results
The simulation model of the three-phase MMC-BESS is built in MATLAB/Simulink (R2016b, Mathworks, Natick, MA, USA). The main parameters are listed in Table 1 . To verify the SOC equalization proposed in this paper, the capacity of individual battery is set as 0.3 Ah, so the SOCs can be equalized rapidly. The simulation waveforms of rectifier mode operation are shown in Figure 13 and the SOC equalization process is shown in Figure 14 . The initial SOCs of all 24 SMs are arbitrarily distributed from 61% to 71%. The AC power increases from 0 to 480 kW through a slope reference, then it is transferred to 320 kW at t = 0.4 s and 640 kW at t = 0.6 s. A 480 kW external DC load is connected to the DC-link at t = 0.1 s. Seen from Figure 13 , the AC power is indicated by grid currents in Figure 13a ; the DC-link voltage is shown in Figure 13b . With the proposed control strategy for rectifier mode operation of MMC-BESS, the DC-link voltage is controlled to the reference value throughout. The capacitor voltages are shown in Figure 13c utilizing the proposed battery side-based capacitor voltage control strategy. Figure 13d shows the circulating currents of three phases. The DC circulating currents are controlled according to the coefficient in Equation (11) to equalize the SOCs among phases, while the fundamental frequency circulating currents are controlled according to Equation (12) to equalize the SOCs between the upper and lower arms each phase. With the SOCs gradually converging to the same value, the differences among circulating currents in three phases also decrease consequently. The battery currents of four SMs within upper arm of phase A are shown in Figure 13d , where the differences among SMs also decrease gradually during the SOC equalization process. In Figure 14 , the SOC equalization of all three levels are illustrated. Figure 14a shows the SOC equalization of all 24 SMs. The SOC equalizations among three phases, between upper and lower arms, and among SMs are shown in Figure 14b-d, respectively . During the rectifier mode operation of MMC-BESS, the simulation results validate the effectiveness of the proposed control strategy based on battery side capacitor voltage control. Figure 13d shows the circulating currents of three phases. The DC circulating currents are controlled according to the coefficient in Equation (11) to equalize the SOCs among phases, while the fundamental frequency circulating currents are controlled according to Equation (12) to equalize the SOCs between the upper and lower arms each phase. With the SOCs gradually converging to the same value, the differences among circulating currents in three phases also decrease consequently. The battery currents of four SMs within upper arm of phase A are shown in Figure 13d , where the differences among SMs also decrease gradually during the SOC equalization process. In Figure 14 , the SOC equalization of all three levels are illustrated. Figure 14a shows the SOC equalization of all 24 SMs. The SOC equalizations among three phases, between upper and lower arms, and among SMs are shown in Figure 14b-d, respectively . During the rectifier mode operation of MMC-BESS, the simulation results validate the effectiveness of the proposed control strategy based on battery side capacitor voltage control. 
Verification of Proposed Battery Side Capacitor Voltage Control Strategy
The verifications of the proposed battery side capacitor voltage control strategy in steady and dynamic state are shown in Figure 15 . Figure 15a is implemented without feedforward component of Equation (23), while this feedforward component is employed in Figure 15b and c. The difference of implementation between Figure 15b and c locates on the capacitor voltage filter scheme. The MAF is implemented in each SM capacitor voltage control in Figure 15b while the proposed common MAF scheme within one phase arm is employed in Figure 15c . At t = 0.3 s, the AC power reference is transferred from 480 kW to 960 kW, then at t = 0.6 s, the external DC load is transferred from 480 kW to 960 kW. In transient process, the capacitor voltage variation is up to Δvc1 = −16% and the regulation time of battery current is tr1 = 0.2 s after t = 0.3 s in Figure 15a . While in Figure 15b , with the estimated feedforward component at battery side control, the transient performance is significantly improved with Δvc1 ≈ −2% and tr1 = 0.03 s. Similar improvement can be observed from the comparison of Figure  15a and b during 0.6-0.8 s. Hence, the effectiveness of the feedforward component is validated. One the other hand, in steady state in Figure 15b and c, the ripples in capacitor voltage are eliminated from battery current, leaving only DC component, which validate the feasibility of the proposed common MAF scheme within phase arm compared with utilizing MAF each SM. 
The verifications of the proposed battery side capacitor voltage control strategy in steady and dynamic state are shown in Figure 15 . Figure 15a is implemented without feedforward component of Equation (23), while this feedforward component is employed in Figure 15b ,c. The difference of implementation between Figure 15b ,c locates on the capacitor voltage filter scheme. The MAF is implemented in each SM capacitor voltage control in Figure 15b while the proposed common MAF scheme within one phase arm is employed in Figure 15c . At t = 0.3 s, the AC power reference is transferred from 480 kW to 960 kW, then at t = 0.6 s, the external DC load is transferred from 480 kW to 960 kW. In transient process, the capacitor voltage variation is up to ∆v c1 = −16% and the regulation time of battery current is t r1 = 0.2 s after t = 0.3 s in Figure 15a . While in Figure 15b , with the estimated feedforward component at battery side control, the transient performance is significantly improved with ∆v c1 ≈ −2% and t r1 = 0.03 s. Similar improvement can be observed from the comparison of Figure 15a ,b during 0.6-0.8 s. Hence, the effectiveness of the feedforward component is validated. One the other hand, in steady state in Figure 15b ,c, the ripples in capacitor voltage are eliminated from battery current, leaving only DC component, which validate the feasibility of the proposed common MAF scheme within phase arm compared with utilizing MAF each SM. 
Experimental Results
To verify the proposed control strategy of the MMC-BESS, a downscaled prototype was built in the laboratory [24] . The configuration of the prototype is shown in Figure 16 . The main parameters are listed in Table 2 . The controller structure of the prototype was designed with a single digitalsignal processor (DSP) as the main controller and three field-programmable gate arrays (FPGAs) as the auxiliary controllers in each phase. The battery module in individual SMs is composed of three 12 V/24 Ah lead-acid battery cells due to the consideration of cost reduction compared with other type of batteries [25] . Note that the switching frequency of battery side DC/DC converters is different from MMC side converters. Given that the power rate of individual batteries is usually lower than the MMC side, semiconductor devices and switching frequency can be selected separately at the battery side DC/DC converter [26] . With the development of wide bandgap devices, the conversion efficiency between batteries and MMC can be enhanced at high-power levels [27] . 
To verify the proposed control strategy of the MMC-BESS, a downscaled prototype was built in the laboratory [24] . The configuration of the prototype is shown in Figure 16 . The main parameters are listed in Table 2 . The controller structure of the prototype was designed with a single digital-signal processor (DSP) as the main controller and three field-programmable gate arrays (FPGAs) as the auxiliary controllers in each phase. The battery module in individual SMs is composed of three 12 V/24 Ah lead-acid battery cells due to the consideration of cost reduction compared with other type of batteries [25] . Note that the switching frequency of battery side DC/DC converters is different from MMC side converters. Given that the power rate of individual batteries is usually lower than the MMC side, semiconductor devices and switching frequency can be selected separately at the battery side DC/DC converter [26] . With the development of wide bandgap devices, the conversion efficiency between batteries and MMC can be enhanced at high-power levels [27] . 
Verification of SOC Equalization
The experimental waveforms of rectifier mode operation in steady state are shown in Figure 17 . During the operation, the references of Pac 800 W and an external 600 W DC load is connected to the DC-link throughout. In Figure 17a , the five-level modulation waveform of line voltage is presented with quite balanced capacitor voltages. Sinusoidal grid currents with low harmonic components are shown in Figure 17b . Circulating current of phase A is shown in Figure 17c with fundamental frequency component to equalize the SOC difference between upper and lower arms. Battery current with low harmonic components is also shown in Figure 17c to verify the effectiveness of the proposed capacitor voltage filter scheme. As the batteries operate in discharge mode, the SOC equalization process of the 12 battery modules are shown in Figure 17d . Due to the large capacity of the battery unit, the SOC equalization process is long, hence, the SOCs are sampled every ten minutes and presented by MATLAB. 
The experimental waveforms of rectifier mode operation in steady state are shown in Figure 17 . During the operation, the references of P ac 800 W and an external 600 W DC load is connected to the DC-link throughout. In Figure 17a , the five-level modulation waveform of line voltage is presented with quite balanced capacitor voltages. Sinusoidal grid currents with low harmonic components are shown in Figure 17b . Circulating current of phase A is shown in Figure 17c with fundamental frequency component to equalize the SOC difference between upper and lower arms. Battery current with low harmonic components is also shown in Figure 17c to verify the effectiveness of the proposed capacitor voltage filter scheme. As the batteries operate in discharge mode, the SOC equalization process of the 12 battery modules are shown in Figure 17d . Due to the large capacity of the battery unit, the SOC equalization process is long, hence, the SOCs are sampled every ten minutes and presented by MATLAB. 
Verification of Proposed Battery Side-Based Capacitor Voltage Control
The experimental waveforms of dynamic performance with and without the proposed control strategy at battery side are shown in Figure 18 . The reference of AC power was 800 W throughout, and DC load was changed from 800 W to 500 W. Seen from Figure 18a , without the proposed control strategy at battery side, the battery current responded slowly, causing voltage fluctuation on capacitor voltage. Compared with Figure 18a , the battery current responded faster and capacitor 
The experimental waveforms of dynamic performance with and without the proposed control strategy at battery side are shown in Figure 18 . The reference of AC power was 800 W throughout, and DC load was changed from 800 W to 500 W. Seen from Figure 18a voltage was stable during the power flow transfer process in Figure 18b . This comparison was in accordance with the simulation results in Figure 15 . 
Verification of Dynamics of Rectifier Mode Operation
The dynamic performance of rectifier mode operation is shown in Figure 19 . Utilizing the proposed control strategy based on battery side capacitor voltage control, the DC-link voltage was controlled to 120 V throughout, AC power was regulated through the reference value directly according to the indications in Figure 19 . The external 600 W DC load was connected to the DC-link during the operation, which is illustrated in the general view of the waveform. Seen from the experimental results, the AC power and DC-link voltage had no direct interactions due to the existence of additional power flow provided by the BESS, which is different from conventional MMCs. The dynamics of AC power and DC-link voltage were both able to satisfy the requirements of the system as a rectifier or a pure PCS. 
Conclusions
In this paper, the control strategy of the MMC-BESS for rectifier mode operation with capacitor voltage controlled by a battery side DC/DC converter was proposed. The main contributions can be summarized as follows:
 The reason why the rectifier mode control strategy in conventional MMCs invalidates in the MMC-BESS was analyzed in this paper. The ac power and dc power were decoupled by the battery side control, so it was impossible to control dc-link voltage through ac power. According to the analysis, the control strategy containing dc-link voltage control and SOC equalization was proposed in this paper to achieve the control objective based on battery side capacitor voltage control. 
Verification of Dynamics of Rectifier Mode Operation
Conclusions
•
The reason why the rectifier mode control strategy in conventional MMCs invalidates in the MMC-BESS was analyzed in this paper. The ac power and dc power were decoupled by the battery side control, so it was impossible to control dc-link voltage through ac power. According to the analysis, the control strategy containing dc-link voltage control and SOC equalization was proposed in this paper to achieve the control objective based on battery side capacitor voltage control.
• At battery side, since the capacitor voltage was stabilized by a battery side DC/DC converter, the control strategy of the DC/DC converter was key to the performance of the whole system. Therefore, an improved control strategy for an individual capacitor voltage control was proposed in this paper, enhancing the dynamic performance of capacitor voltage, meanwhile greatly reducing the occupied storage space of the MAF by using a common filter per phase arm. Seen from the simulation and experimental results, the proposed battery side control strategy can satisfy the requirements of rapidity and accuracy, facilitating the application of the MMC-BESS in practice. 
